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We present an experimental study of KIDs fabricated of atomic layer deposited TiN films, and
characterized at radiation frequencies of 350 GHz. The responsivity to radiation is measured and
found to increase with increasing radiation powers, opposite to what is expected from theory and
observed for hybrid niobium titanium nitride / aluminium (NbTiN/Al) and all-aluminium (all-
Al) KIDs. The noise is found to be independent of the level of the radiation power. The noise
equivalent power (NEP) improves with higher radiation powers, also opposite to what is observed
and well understood for hybrid NbTiN/Al and all-Al KIDs. We suggest that an inhomogeneous
state of these disordered superconductors should be used to explain these observations.
Superconducting resonators have been proposed as ki-
netic inductance detectors (KIDs) for sensitive multipixel
radiation detection [1]. Antenna-coupled hybrid niobium
titanium nitride / aluminium (NbTiN/Al) KIDs [2, 3]
and all-aluminium (all-Al) [4] have shown generation-
recombination noise and photon noise limited perfor-
mance. KIDs can also be constructed as lumped element
kinetic inductance detectors (LEKIDs) [5] in which the
KID is arranged as a photon absorbing area matched
to free space. Aluminium LEKIDs have also shown
generation-recombination and photon noise limited per-
formance [6]. However, the low normal-state resistivity
of Al makes the design of the absorber for very high fre-
quency radiation complex. Therefore, superconductors
with a high normal state resistivity have recently become
of particular interest [9].
A figure of merit F to optimize the responsivity of KIDs
is defined as F = αscτQiFres/N(0)V [9], with αsc the
kinetic inductance fraction, τ the quasiparticle recombi-
nation time, Qi the internal quality factor, Fres the reso-
nance frequency, N(0) is the single spin electron density
of states at the Fermi level, and V the volume of the KID.
For example, Al KIDs have a long quasiparticle recombi-
nation time (a few milliseconds) and high internal quality
factors (above one million), but their kinetic inductance
fraction is low and their volume large.
Superconducting materials with a high resistivity in
the normal-state are promising because of their high
quality factor and a long enough relaxation time. The
high normal resistance implies a large sheet inductance,
resulting in a large kinetic inductance fraction, which
lowers the KID volume. The high surface impedance also
eases matching to free space and optimises the photon
absorption. Given the high quality NbTiN resonators pi-
oneered by Barends et al. [7, 8], titanium nitride (TiN)
has been proposed, because it has the previously men-
tioned properties in addition to a tuneable critical tem-
perature, which facilitates a relatively long quasiparti-
cle lifetime[9]. Currently, several groups are studying
the implementation of TiN KID devices and instruments
[10–14]. However, a material like TiN has also drawn
the attention of the condensed matter physics commu-
nity, interested in the disorder-induced superconductor-
to-insulator transition [15]. It has been shown that the
superconducting state becomes gradually increasingly in-
homogeneous for increasing disorder, a feature absent in
the traditional description of the absorption of electro-
magnetic radiation by a superconductor. Consequently,
a careful empirical study of the direct absorption of ra-
diation by a strongly disordered superconductor such as
TiN is urgently needed.
In this letter we concentrate our experiments on atomic
layer deposited (ALD) TiN exposed to 350 GHz radia-
tion. A number of unanticipated trends were found in
these experiments: i) the responsivity to the 350 GHz
radiation increases for increasing radiation power, oppo-
site to what we observe in hybrid NbTiN/Al and all-Al
KIDs, and what is expected for a conventional, uniform,
superconducting state; ii) the optical noise equivalent
power (NEPopt) for 350 GHz radiation is much larger
than the photon noise limited NEP at low radiation pow-
ers whereas it becomes comparable at higher radiation
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2powers; iii) the electrical NEP is much lower than the
optical NEP, in contrast to what we find for the hybrid
NbTiN/Al KIDs.
Several ALD TiN films have been deposited on high
resistivity (> 10 kΩcm) Si (100) substrates covered with
a thin surface layer of native silicon oxide (for details see
Coumou et al. [17]). The microwave properties of these
TiN films have been analysed in detail by Driessen et al.
[18] and by Coumou et al. [19]. In the latter case it
was compared to a study of the local values of the super-
conducting density of states. The microwave response
deviates from standard Mattis-Bardeen theory [21]. A
modified Usadel equation was used, including a disorder-
dependent pair breaking parameter, which smears the
BCS density of states analogous to what is known for
magnetic impurities and a pair-breaking current. Phys-
ically, it refers to a ground state in which the Cooper-
pairs have a finite momentum. The pair-breaking pa-
rameter modifies the quasiparticle DoS, smoothening the
coherence peaks, which enter into the generalized Mattis-
Bardeen expressions [18].
The local DoS of these films is independently deter-
mined using scanning tunnelling spectroscopy (STS). A
clear correspondence between the STS measurements and
the model is found for the least-disordered films. In con-
trast, the measured tunnel curves are no longer uniquely
characterizing a film for the most-disordered supercon-
ducting films [19], but are found to vary laterally. For
the present experiments we use a 45 nm thick film be-
cause it has a relatively low disorder, and therefore, is
expected to allow the application of a uniform model
with a broadened DoS model (although it did not have
the best properties as a detector). However, it is to be
expected that effects of the tendency to non-uniformity
of the superconductor with increasing disorder will de-
pend on the parameters and the techniques used in the
experiments.
The 45 nm ALD TiN film has a superconducting tran-
sition temperature Tc of 3.2 K, a sheet inductance Ls
of 16.5 pH and a sheet resistance Rs of 41.5 Ω. Two
KIDs, capacitively coupled to a feedline of ∼ 50 Ω, were
fabricated in a single layer process. The KIDs were de-
signed to absorb 350 GHz radiation and consist of three
inductors and an interdigitated capacitor, all in paral-
lel, forming a tank circuit with a resonance frequency
fres of ∼ 3.4 GHz. The width of the lines of the in-
ductors is 24 µm and the separation between adjacent
lines is 60 µm, with a total area of the inductors of
1200 x 986 µm. The quality factor Q of the KIDs is
7× 104, set by a coupling Q of 7× 104, with an internal
Q of 1.8× 106.
The experiments are performed in a pulse tube pre-
cooled adiabatic demagnetisation refrigerator (ADR)
with a temperature of 100 mK, well below the supercon-
ducting transition temperature of the film. The sample is
mounted in a sample holder inside a light-tight box, in a
box-in-a-box configuration [20]. The 350 GHz radiation
illuminating the KIDs is coming from a cryogenic black
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FIG. 1. (Color online) Schematic picture of the experimental
setup. Left: The KIDs are mounted in a sample box ther-
mally anchored to the base temperature plate of the ADR
(∼ 100 mK). The sample box is surrounded by a light-tight
box to prevent stray radiation from the 3 K stage getting into
the detector. A cryogenic black body source is placed at the
3 K stage and used to illuminate the sample. The optical
access to the sample box is formed by different stacks of fil-
ters placed at the black body source at the light-tight box.
Right: Image of the device with the two KIDs used in these
experiments, and a detailed view of one of them. The sample
dimensions are 20 x 4 mm, whereas each KID was roughly
1 x 1 mm and designed to absorb radiation at 350 GHz.
body placed inside the cooler at the 3 K stage, which tem-
perature can be varied from 3 up to 35 K. Two stacks of
metal mesh IR filters placed at the black body source
and at the light-tight box determine the band pass of the
radiation coupled to the KIDs, which is 50 GHz centered
around 350 GHz. The same experimental setup is de-
scribed in more detail by Janssen et al. [3] and by de
Visser et al. [4]. A schematic picture of the experimental
setup and device is shown in Fig. 1.
The radiation power absorbed by the KIDs Popt is cal-
culated by integrating the black body spectral radiance
over the solid angle illuminating the KIDs, taking into ac-
count the filter transmission. Following, the conventional
approach we use the number of excess quasiparticles Nqp
in a KID as the leading quantity. It is parametrized as
Nqp = ηpbPoptτ/∆, with ηpb the so-called quasiparticle
creation efficiency i.e. the number of excess quasipar-
ticles per incoming photon, and ∆ the superconducting
energy gap. The absorption of the superconductor is as-
sumed to be given by the Mattis-Bardeen theory [21]
and the electron-phonon controlled recombination time
as given in Kaplan et al. [22]. For a photon noise limited
KID, the quasiparticle lifetime at a given radiation power
is expected to be inversely proportional to the square root
of the absorbed power τ ∝ P−1/2opt . Therefore the 350 GHz
radiation responsivity δx/δPopt (where x is either ampli-
tude or phase response) is expected to be proportional to
the square root of the absorbed power δx/δPopt ∝ P−1/2opt .
These dependences were recently verified both for hybrid
NbTiN/Al as well as and for the all-Al KIDs [3, 4]. A
3FIG. 2. (Color online) Amplitude responsivity measured with
a VNA as a function of radiation power at different bath tem-
peratures. The amplitude responsivity increases when the
radiation power increases, opposite to what is observed in hy-
brid NbTiN/Al [3] and all-Al [4] KIDs, and opposite to the
usual assumptions for quasiparticle recombination. The inset
shows the phase response as a function of radiation power at
different bath temperatures. The phase response is presum-
ably dominated by the TLS contribution at the lowest bath
temperatures.
spurious contribution in the phase response (shown in the
inset in Fig. 2), is found1. Therefore, we only present and
discuss the amplitude data. In the conventional response
the responsivity of a KID decreases with the increase of
radiation power due to the reduction in life time of quasi-
particles at higher quasiparticle densities. This has been
clearly shown for both hybrid NbTiN/Al [3] and all-Al
[4] KIDs. In contrast, the TiN KIDs reported in this pa-
per become more responsive at higher radiation powers,
as shown in Fig. 2.
In Fig. 3, we show the optical NEP for 350 GHz radia-
tion as a function of radiation power from the black-body
source. The optical NEP is defined as the power spec-
tral density divided by the responsivity NEPopt(ω) =√
SA(ω)/(δA/δPopt), where SA is the noise in the am-
plitude signal and A the amplitude response. The noise
in the amplitude signal at different radiation powers is
measured at 250 mK, still well below Tc/10, and found
to be independent of radiation power. Since the noise is
constant and the responsivity increases with the radia-
tion power, we find a radiation power dependent optical
NEP. Electromagnetic analytical model [23] is used to
evaluate the optical efficiency η for these KIDs, showing
a value of 45%. The measured optical NEP has been com-
pared to the photon shot noise NEP, which is calculated
from
√
2hνPopt(1 + ηB) + 2∆Popt/ηpb/η, in which h is
Planck’s constant, ν the radiation frequency, Popt the ra-
1 At temperatures below 250 mK, the response in the phase has
an initial strong negative response followed by a gradually rising
positive response, which is tentatively attributed to the temper-
ature dependence of the dielectric material.
FIG. 3. (Color online) Optical NEP for 350 GHz radiation
in the amplitude signal defined as the power spectral density
divided by the responsivity measured at a modulation fre-
quency of 100 Hz (blue) compared to the electrical NEP cal-
culated using the disordered-dependent pair breaking param-
eter model (black dot). Solid symbols were measured with a
VNA whereas open symbols were measured with an IQ mixer.
The green line is the expected photon noise limited NEP.
diation power, and (1− ηB) the correction to Poissonian
statistics due to photon bunching for a single mode, with
B the mode occupation [4]. The result clearly shows that
the detectors are more sensitive at higher radiation pow-
ers, as is shown in Fig. 3. No sign of photon noise was
observed in these experiments in contrast to recent ex-
periments in which photon noise was reported [24], which
may be related to different photon-power densities [25].
We also calculated the electrical NEP, determined us-
ing the standard technique described by Baselmans et al.
[26], from
NEP 2(ω) = SA(ω)
[
ηηpbτ
∆
δA
δNqp
]−2
(1+ω2τ2)(1+ω2τ2res)
(1)
with ω the resonator-frequency and τres the resonator
ring time. The noise and quasiparticle lifetime can be
measured directly, but not the electrical responsivity
δA/δNqp. Instead, the temperature dependence of the
resonator δA/δT has been measured (Fig. 4) with T the
temperature of the KID. The electrical response has been
compared to Mattis-Bardeen theory [21]. The electrical
response was converted into responsivity calculating the
number of thermally excited quasiparticles present at the
given temperature. The number of quasiparticles was cal-
culated using the relation shown in Eq. 2 with a standard
BCS DoS
nqp = 4N(0)
∫ ∞
0
N(E)f(E)dE ≈
≈ 2N(0)
√
2pikBT∆(0)e
−∆(0)/kBT ,
(2)
where N(E) is the normalised quasiparticle density of
4states, f(E) the quasiparticle energy distribution, kB the
Boltzmann constant, and ∆(0) the superconducting en-
ergy gap at zero temperature. At this point we emphasize
that for our material the correct conceptual framework
and theoretical model is unclear. It is not possible to
describe the temperature dependence of the resonance-
frequency with standard formulas, taking the measured
Tc and a fixed relationship between kBTc and ∆(0) of
1.76 valid for weak-coupling superconductors. This leads
to the blue dotted curve in Fig. 4, and clearly signals
a deviation. One can also take the energy-gap as a free
adjustable parameter. This leads to an excellent fit and
consequently to a DoS represented by the black dashed
curve in the inset. In the more realistic model including
the disorder [18] which leads to the red solid line, we ob-
tain an excellent fit as well, but with a broadened DoS,
as also observed with local tunnelling spectroscopy, and
shown in the inset. However, as we will argue below, such
an approach is potentially misleading because it suggests
that one is dealing with a uniform superconducting state.
We determine the quasiparticle lifetime by measuring
the change of the amplitude signal, while equilibrium is
being restored, after applying a short high power mi-
crowave pulse. The pulse decay time which we interpret
as the quasiparticle lifetime is found to be ∼ 40 µsec at
250 mK (same temperature at which the optical NEP
was measured). We find that it does not follow the ex-
ponential pattern expected from Kaplan et al. [22], as
reported before by Coumou et al. [17]. The noise is de-
termined with the black body source present at 3.5 K. We
find that the electrical NEP equals to 7×10−17 W/Hz1/2,
which is in agreement with the electrical NEP reported by
Leduc et al. [9], taking into account the different super-
conducting transition temperatures and volumes. The
difference between the electrical NEP and the measured
optical NEP at the lowest radiation power is a factor of
100. Although TiN is a good absorber2, we cannot under-
stand its behaviour using standard BCS theory [16]. No
better understanding is achieved when a more realistic
model including the disorder [18] is used for the analysis.
We have calculated the electrical NEP using our cur-
rent understanding of strongly disordered superconduc-
tors. However, in our analysis we continue to assume an
homogeneous superconducting state, whereas it has been
clearly demonstrated that at a high enough degree of dis-
order, the superconducting energy gap ∆ varies spatially
[15, 19]. In such an inhomogeneous system, excited quasi-
particles might get trapped in low-gap puddles. In addi-
tion, the film may start to act as a random array of super-
conducting islands coupled by weak-link type Josephson
junctions [27], which will have its own typical optical re-
sponse.
Figure 4 B shows a cartoon of such a spatially varying
2 Room temperature transmission measurements with a vector
network analyser and cryogenic FTS measurements showed an
absorption efficiency of ∼ 75− 90% respectively.
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FIG. 4. (Color online) A) Resonance frequency as a function
of the bath temperature. The (grey) circles are the measured
resonance frequencies, the dotted (blue) line is the prediction
of the temperature dependence using Mattis-Bardeen theory
[21] with the standard BCS DoS, the (black) dashed line is
a fit to the Mattis-Bardeen theory with the standard BCS
DoS and using the energy gap as a fit parameter, and the
(red) solid line is a fit to the broadened DoS model in which
both the energy gap and the broadening of the DoS are fitting
parameters. The inset shows the quasiparticle DoS used for
each fit. B) Cartoon of the disorder dependent landscaped
energy gap conjecture. The quasiparticles get trapped in the
valleys but can escape and move freely when their thermal
energy becomes comparable to the roughness of the gap.
energy gap ∆(~r). In this figure, µp denotes the chemical
potential, and the grey shade indicates the thermal dis-
tribution of quasiparticles. We estimate the root mean
square variation of the gap ∆1 =
√〈(∆(~r)− 〈(∆(~r))〉)2〉
from the broadening parameter used to describe the elec-
trodynamic response of the resonator: ∆1 ≈ 44 µeV. At
a temperature of 100 mK, most quasiparticles will be
trapped in the low-gap areas, since the thermal energy
kBT = 9µeV  ∆1. At higher temperatures, the ther-
mal energy and the variations of the energy gap become
comparable and any (photon-induced) excess quasiparti-
cles will be free to move. A similar effect will occur with
increasing radiation power: at first excess quasiparticles
will be trapped in the low-gap regions, but at increas-
ing power, the excess quasiparticles will be free to move,
and will not be sensitive to the underlying gap inhomo-
geneity anymore. The superconductor will increasingly
behave as an electronically homogeneous material. Note
that in this qualitative model, there is still a coherent su-
perconducting condensate present, which will determine
the phase response of the KID, whereas the dissipative
(amplitude) response will involve a combination of mobile
and trapped quasiparticles. This model might therefore
also explain the difference in phase and amplitude relax-
ation time that was observed by Gao et al. in TiN KIDs
[12].
5In summary, we have studied ALD TiN KIDs at a radi-
ation frequency of 350 GHz using the same setup as used
for hybrid NbTiN/Al [3] and all-Al KIDs [4]. A radiation
power dependent responsivity was found, in contrast to
the well understood hybrid NbTiN/Al and all-Al KIDs.
Since the noise is independent of radiation power, the
optical NEP is also a strong function of the radiation
power. At high radiation powers, comparable to the in-
cident radiation in ground-based telescopes, the optical
NEP approaches the requirements for ground-based in-
struments (recently achieved by increasing the received
power per unit volume of the KIDs [24]). Despite the fact
that the TiN is a good absorber, the difference between
the electrical NEP and the measured optical NEP at the
lowest radiation power is a factor of 100.
The authors thank M. Spirito for room temperature
transmission measurements, P. A. R. Ade for cryogenic
FTS measurements, B. Blazquez and N. Llombart for
electromagnetic modelling, and R. M. J. Janssen for
stimulating discussions. This work was supported as
part of a collaborative project, SPACEKIDS, funded via
grant 313320 provided by the European Commission un-
der Theme SPA.2012.2.2-01 of Framework Programme
7. This work is part of the research programme of the
Foundation for Fundamental Research on Matter (FOM),
which is part of the Netherlands Organisation for Scien-
tific Research (NWO). T. M. K. also acknowledges fi-
nancial support from the Ministry of Science and Edu-
cation of Russia under contract No. 14.B25.31.0007 and
from the European Research Council Advanced grant No.
339306 (METIQUM). E. F. C. D. was financially sup-
ported by the CEA-Eurotalents program.
[1] P. K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis, and
J. Zmuidzinas, Nature 293, 817 (2003)
[2] S. J. C. Yates, J. J. A. Baselmans, A. Endo, R. M. J.
Janssen, L. Ferrari, P. Diener, and A. M. Baryshev, Appl.
Phys. Lett. 99, 073505 (2011)
[3] R. M. J. Janssen, J. J. A. Baselmans, A. Endo, L. Ferrari,
S. J. C. Yates, A. M. Baryshev, and T. M. Klapwijk,
Appl. Phys. Lett. 103, 203503 (2013)
[4] P. J. de Visser, J. J. A. Baselmans, J. Bueno, N. Llom-
bart, and T. M. Klapwijk, Nature communications 5,
3130 (2014)
[5] S. Doyle, P. Mauskopf, J. Naylon, A. Porch, and C. Dun-
combe, J. Low Temp. Phys. 151, 530 (2008)
[6] P. Mauskopf, S. Doyle, P. Barry, S. Rowe, A. Bidead, P.
Ade, C. Tucker, E. Castillo, A. Monfardini, J. Goupy,
and M. Calvo, J. Low Temp. Phys. 176, 545 (2014)
[7] R. Barends, H. L. Hortensius, T. Zijlstra, J. J. A. Basel-
mans, S. J. C. Yates, J. R. Gao, and T. M. Klapwijk,
Appl. Phys. Lett. 92, 223502 (2008)
[8] R. Barends, N. Vercruyssen, A. Endo, P. J. de Visser, T.
Zijlstra, T. M. Klapwijk, P. Diener, S. J. C. Yates, and
J. J. A. Baselmans, Appl. Phys. Lett. 97, 023508 (2010)
[9] H. G. Leduc, B. Bumble, P. K. Day, A. D. Turner, B. H.
Eom, S. Golwala, D. C.Moore, O. Noroozian, J. Zmuidz-
inas, J. Gao, B. A. Mazin, S. McHugh, A. Merrill, Appl.
Phys. Lett. 97, 102509 (2010)
[10] M. R. Vissers, J. Gao, D. S. Wisbey, D. A. Hite, C. C.
Tsuei, A. D. Corcoles, M. Steffen, and D. P. Pappas,
Appl. Phys. Lett. 97, 232509 (2010)
[11] M. Sandberg, M. R. Vissers, J. S. Kline, M. Weides, J.
Gao, D. S. Wisbey. and D. P. Pappas, Appl. Phys. Lett.
100, 262605 (2012)
[12] J. Gao, M. R. Vissers, M. O. Sandberg, F. C. S. da Silva,
S. W. Nam, D. P. Pappas, D. S. Wisbey, E. C. Langman,
S. R. Meeker, B. A. Mazin, H. G. Leduc, J. Zmuidzinas,
and K. D. Irwin, Appl. Phys. Lett. 101, 142602 (2012)
[13] C. M. McKenney, H. G. Leduc, L. J. Swenson, P. K. Day,
B. H. Eom, J. Zmuidzinas, Proc. SPIE 8452, 84520S
(2012)
[14] B. A. Mazin, B. Bumble, S. R. Meeker, K. O
′
Brien,
S. McHugh, and E. Langman, Optics Express 20, 1503
(2012)
[15] B. Sace´pe´, C. Chapelier, T. I. Baturina, V. M. Vinokur,
M. R. Baklanov, and M. Sanquer, Phys. Rev. Lett. 101,
157006 (2008)
[16] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.
108, 1175 (1957)
[17] P. C. J. J. Coumou, M. R. Zuiddam, E. F. C. Driessen,
P. J. de Visser, J. J. A. Baselmans, and T. M. Klap-
wijk, IEEE Transactions on Applied Superconductivity
23, 7500404 (2013)
[18] E. F. C. Driessen, P. C. J. J. Coumou, R. R. Tromp, P.
J. de Visser, and T. M. Klapwijk, Phys. Rev. Lett. 109,
107003 (2012)
[19] P. C. J. J. Coumou, E. F. C. Driessen, J. Bueno, and T.
M. Klapwijk, Phys. Rev. B 88, 180505(R) (2013)
[20] J. J. Baselmans, S. Yates, P. Diener, and P. J. de Visser,
J. Low Temp. Phys. 167, 360 (2012)
[21] D. C. Mattis, and J. Bardeen, Phys. Rev. 111, 412 (1958)
[22] S. B. Kaplan, C. C. Chi, D. N. Langenberg, J. J. Chang,
S. Jafarey, and D. J. Scalapino, Phys. Rev. B 14, 4854
(1976)
[23] B. Blazquez, N. Llombart, D. Cavallo, A. Freni, and A.
Neto, Antennas and Propagation, IEEE Transactions on,
99, 1 (2014)
[24] J.Hubmayr, J. Beall, D. Becker, H.-M. Cho, M. Devlin,
B. Dober, C. Groppi, G.C. Hilton, K.D. Irwin, D. Li, P.
Mauskopf, D.P. Pappas, J. Van Lanen, M.R. Vissers, and
J. Gao, arXiv:1406.4010 (2014)
[25] C. M. Bradford, private communication
[26] J. Baselmans, S. J. C. Yates, R. Barends, Y. J. Y.
Lankwarden, J. R. Gao, H. Hoevers, and T.M. Klapwijk
J. Low Temp. Phys. 151, 524 (2008)
[27] T. Cea, D. Bucheli, G. Seibold, L. Benfatto, J. Loren-
zana, C. Castellani, Phys. Rev. B 89, 174506 (2014)
